We study the electroweak and U(1)
I. INTRODUCTION
It was argued in [1] that for a class of string motivated models with extra U(1)'s, the U(1) ′ breaking should be at the electroweak scale, and in [2] a general analysis was done for a model in which the two standard model (SM) Higgs doublets couple to a single SM singlet S which carries a non-trivial U (1) ′ charge. The breaking of the U(1) ′ was shown to be at the electroweak scale, with a certain amount of fine tuning of the soft supersymmetry breaking parameters at M string required to suppress the Z − Z ′ mixing. In addition, the U(1)
′ symmetry forbids an elementary µ term, but an effective electroweak scale µ term arises when S acquires a vacuum expectation value (VEV). It was argued that the radiative U(1)
′ breaking is most easily accomplished if there are large Yukawa couplings between the singlet S and exotic particles.
More complicated models involving two or more S fields with opposite signs for their U (1) ′ charges may lead to U(1) ′ breaking either at the electroweak scale or an intermediate scale, depending on the details of the superpotential and the supersymmetry breaking terms [3] .
One of the major obstacles to analyzing U(1) ′ breaking in string models is that compactifications which have the SM gauge group and the SM particle content with three generations and two Higgs doublets usually have additional gauge symmetries and many exotic particles. The physics of U (1) ′ and electroweak breaking can be mingled with other issues such as the decoupling of heavy particles, preserving gauge unification in the presence of exotics, the communication between hidden and observable sectors, breaking of the extra non-Abelian symmetries, etc., that are not well understood. This motivated us to study in more detail the low energy phenomenology of the radiative U (1) ′ breaking in a simpler model with all the elements that are necessary for a realistic theory.
Such a model should have the SM gauge group plus at least one extra U(1) ′ , three ordinary families, two or more Higgs doublets (H 1 , H 2 ), a SM singlet (S) with nontrivial U (1) ′ charge, and exotics (D i ). Phenomenological constraints suggest that the latter should be non-chiral [4] . The model must be anomaly free, and the U(1)
′ quantum numbers must be such that Q H 1 + Q H 2 + Q S = 0, Q D 1 + Q D 2 + Q S = 0 to allow such couplings asŜĤ 1 ·Ĥ 2 andŜD 1 ·D 2 in the superpotential. In addition, the model should have gauge unification at a scale comparable to M string .
A simple model satisfying these constraints is the E 6 model. E 6 is one of the most promising grand unification (GUT) models. Another motivation for E 6 is that CalabiYau compactifications of the heterotic superstring model lead to the gauge group E 6 or its subgroups in the observable sector, and also include the standard model representations for the matter multiplets as well as additional exotic fields [5] [6] [7] [9] . It is not our intention to assume a full grand unified supersymmetric E 6 model. Strictly speaking, we use the particle content of the E 6 model, which provides acceptable anomaly free U(1) ′ quantum numbers. Our purpose is to study the electroweak breaking of the model in the presence of an additional U (1) ′ symmetry. In the full E 6 GUT model, the Yukawa couplings of these exotics would be related by E 6 to the Higgs Yukawa couplings so that the exotics would have to be superheavy to avoid too rapid proton decay [10] (the doublet-triplet problem). In our string motivated model the exotics and Higgs Yukawa couplings do not respect the E 6 symmetries. In particular, the dangerous exotic couplings may be absent, so that the exotics can be light. We also assume Yukawa universality, i.e., that all of the non-zero Yukawa couplings are equal at the string scale.
Bounds from direct searches at the Fermilab Tevatron (pp → Z ′ → l + l − ) [11] and precision electroweak tests [12] on the Z ′ mass and the Z − Z ′ mixing are stringent. The lower limits on the Z ′ mass are model dependent, but are typically around 500 GeV [11] [12] except in the case of suppressed coupling to ordinary particles, such as in leptophobic models [13] - [16] . Similarly, limits on the mixing angle are around a few ×10 −3 . The particle content of the E 6 model we consider includes three E 6 27-plets, each of which includes an ordinary family, two Higgs-type doublets, two standard model singlets, and two exotic SU(2)-singlet quarks with charge ±1/3. In addition, there can be any number of vector pairs of chiral supermultiplets from one or more 27 + 27 * representations without introducing anomalies. For simplicity and consistency with the desired gauge unification, we assume a single pair of Higgs-type doublets from a 27 + 27 * . Thus, there are eight Higgs doublet candidates, six singlet candidates and three exotic quark pair candidates. We assume that only a subset of these play a direct role in SM and U(1)
′ symmetry breaking, based on simple (string-motivated) assumptions concerning the non-zero Yukawa terms in the superpotential and the running of soft mass squared parameters being dominated by the largest Yukawa couplings. These are two SM doublets H 1 and H 2 , one SM singlet S, and exotic quarks D andD. We assume that all of the soft mass squares are positive at the Planck scale. The soft mass squares of H 2 and S are typically both driven negative at low energy due to the Yukawa couplingsQû c ·Ĥ 2 andŜD ·D in the superpotential, where Q and u c represent ordinary quarks and antiquarks. Therefore, the U(1) ′ breaking as well as the electroweak breaking are radiative. The couplingŜĤ 1 ·Ĥ 2 in the superpotential becomes an effective µ term when S acquires a VEV. Kinetic mixing [16] [17] [18] between U(1) Y and U (1) ′ is necessarily present in the theory from field theoretic loops, and its effects are included in the analysis.
In [2] it was shown that there are two general scenarios to obtain a small Z − Z ′ mixing angle. In one case, in which the symmetry breaking is driven by large trilinear soft supersymmetry breaking terms, the Z ′ mass is comparable to M Z . Such a scenario is only allowed experimentally if the Z ′ couplings to ordinary fermions are small, such as in leptophobic models [13] - [16] . We obtain examples of a light Z ′ and small mixings (in fact, M Z ′ < M Z ). However, the couplings are not leptophobic * , and these cases are excluded. The other possibility is that M Z ′ is large, e.g., near the T eV scale, but the electroweak scale (and M Z ) is small due to approximate cancellations. The signs of the U(1)
′ charges in usual (ψ and η) E 6 models are such that one cannot obtain this cancellation (even in the presence of kinetic mixing, which could in principle change the signs) for universal boundary conditions (universal soft supersymmetry breaking parameters with Yukawa universality). However, with non-universal soft mass square parameters, there exist viable though somewhat fine-tuned solutions for a heavy Z ′ with small mixing angle. We further utilize the fact that E 6 has two orthogonal U(1)
′ symmetries, and the surviving U(1) ′ † is in principle a linear combination with charge Q = Q χ cos θ E 6 + Q ψ sin θ E 6 , where U(1) χ and U(1) ψ refer to the patterns SO(10) → SU(5) × U(1) χ and E 6 → SO(10) × U(1) ψ , respectively. With this additional degree of freedom, we find there are interesting solutions.
In section II, we give the particle content and quantum numbers of the E 6 model. We also describe the explicit superpotential, the scalar potential, the minimization conditions and the two phenomenologically acceptable scenarios for Z ′ . A brief outline of the RGE analysis is given in section III. In section IV, we show that the universal boundary conditions can result in a light Z ′ and small mixing angle, in agreement with the large trilinear coupling solutions of [2] . In particular, we find that M Z ′ < M Z for both the ψ and η models. Because the effect of kinetic mixing here is too small to make Z ′ leptophobic in the η model, this scenario is not phenomenologically acceptable. In section V, we show that by deviating from the universal boundary conditions at M string , we can obtain a large VEV for the singlet S, so that M Z ′ > 500 GeV . We argue that certain stringent cancellation conditions have to be satisfied for the large S scenario, which in turn requires fine tuning of the soft supersymmetry breaking parameters at high energy. In section VI, we introduce the mixing angle θ E 6 between the two E 6 U(1) ′ s. We find that with universal boundary conditions there exist acceptable solutions for M Z ′ and the mixing angle for certain parameter ranges of θ E 6 and A s (the trilinear coupling constant) for a given gaugino mass.
The summary and conclusions are given in section VII. The renormalization group equations used in the analysis are presented in Appendix A.
II. E 6 MODEL AND ELECTROWEAK SYMMETRY BREAKING.
Two additional U(1)
′ symmetries can occur when E 6 is broken,
The decomposition of the fundamental 27 representation under the
where the first and second quantities are the SU(5) representation and √ 24Q ψ , respectively, and the subscript means that left-chiral fields will be assigned to the multiplets. 
which occurs in Calabi-Yau compactifications of the heterotic string model if E 6 leads directly to a rank 5 group [19] via the Wilson line (Hosotani) mechanism. Three 27 L -plets are needed to form the three-family structure for the standard model. Gauge unification can be restored without introducing anomalies by adding a single 27 L +27 * L pair, assuming that only the Higgs-like doublet h 2 and its conjugate h 3 , associated with the
, remain light, while the other fields from the 27 L + 27 * L pair acquire superheavy masses and decouple. Therefore, the light matter supermultiplets are
where the notation indicates that only the h 2 + h 3 remain from the 27 L + 27 * L . Again, we want to emphasis that it is not our purpose to consider E 6 as a GUT model, but to use its particle content and charge assignments as a concrete example to study U (1) ′ symmetry breaking. In this model, (i) The additional U(1) ′ is naturally anomaly-free as a result of being embedded in a larger gauge group.
(ii) Any of the three h 1 's and four h 2 's can be MSSM Higgs doublets. The S 0 L can be the singlet S which couples to H 1 and H 2 in the superpotential. 
U(1)
′ quantum numbers are listed in Table 2 , whered c i are the left-handed down-type antiquarks;D i andD i are the exotic color triplets. The gauge couplings are
Y , and U(1) ′ respectively. With our assumptions that the couplings in the superpotential conserve baryon and lepton number, the most general form of the trilinear superpotential allowed by gauge invariance is
in which i, j, k are family indices. The large Yukawa couplings dominate the running of soft scalar mass squares and cubic coefficients, so we only take the Yukawa coupling ‡ of the top quark, h 
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DŜ 3D3D3 are significant. This physical ansatz is motivated by perturbative string models, in which the Yukawa couplings are all zero or of order g 0 (the gauge coupling at the string scale) [6] [7] [9] . ‡ The b quark Yukawa coupling could be large for large tan β ≡ H 0 2 / H 0 1 .
In our numerical work, we assume Yukawa universality, i.e., the non-zero Yukawa couplings at the string scale are all equal; we take the value g 0 [3] for definiteness. In this case, the superpotential is where i is the family index, λ i are gauginos, A s h s , A Q h Q and A D h D are coefficients of trilinear scalar couplings, and the rest are mass terms for the scalar components of the chiral supermultiplets.
The tree level scalar potential for H 1 , H 2 and S has contributions from F -terms, D-terms and L SB :
where,
where
The vacuum expectation values of the Higgs fields and the singlet at the minimum of the scalar potential are H
where v 1 and v 2 can be chosen to be real and positive; s is real, and A s h s s > 0 at the true minimum.
The minimization conditions for the scalar potential with non-zero VEVs are given by
2 to ensure the correct electroweak breaking scale. tan β is defined as v 2 /v 1 . The effective µ-term is µ s = h s s/ √ 2. After the electroweak and U (1) ′ symmetries are broken, there are two neutral and massive gauge bosons Z and Z ′ , the Z − Z ′ mass-squared matrix is given by
in which,
The mass eigenstates are Z 1 and Z 2 with
The Z − Z ′ mixing angle is given by
Present direct searches and precision tests suggest that M Z = Gv/2 = 91.2 GeV , the mixing angle α is less than a few times 10 −3 and M Z ′ > 500 GeV . It has been argued that for certain (e.g., leptophobic) models, a lighter Z ′ is allowed. § In principle, there are also bounds on the parameters (e.g. A i , h s etc.) from searches for physical Higgs, exotic particles, gauginos etc. However, it is not our purpose to construct a fully realistic model or consider the detailed mass spectrum for all of the scalar particles in the theory. Hence, we simplify by taking the limits on the masses of scalar particles at low energy to be > 100 GeV , the gaugino masses to be > 50 GeV and m h 0 > 90 GeV as rough phenomenological constraints.
It was pointed out in [2] that there are two scenarios which can give desired low energy phenomenology:
• The large A s scenario predicts a small Z −Z ′ mixing angle and yields a lighter Z ′ mass. When the A s term is dominant in the scalar potential, V D pushes the minimum to take place at v 1 ∼ v 2 (second term in V D ), and v 1 ∼ v 2 ∼ s (third term in V D ) since Q 1 + Q 2 + Q S = 0. § These include leptophobic models in which Z ′ couplings to ordinary leptons are absent [13] ;
fermiophobic models with no couplings to ordinary fermions [14] ; and models in which the Z ′ only couples to the third family [15] .
, is small in the case Q 1 = Q 2 . This scenario is only acceptable if the Z ′ has suppressed couplings to ordinary particles, as in leptophobic models.
• The large S scenario occurs when s ≫ v 1 , v 2 due to cancellations and therefore M Z ′ ≫ M Z , i.e., the U(1) ′ symmetry breaking occurs at an energy scale higher than the electroweak scale. It was argued in [2] that M Z ′ could be of order T eV . The first minimization equation gives the singlet VEV,
The other two minimization equations can be solved for v 1 and v 2 ,
where the RHS of the equations are functions of v 1 and v 2 . As |m 
III. RGE ANALYSIS
Before discussing the symmetry breakings, we briefly describe the renormalization group equation analysis of the model. (The complete set of (1-loop) RGEs is presented in Appendix A.) (i) Gauge unification. As we have argued in the last section, the supersymmetrized 3 × 27 L + (27 L + 27 * L )| h 2 +h 3 of E 6 is consistent with gauge unification. The unification scale M G is that at which the gauge coupling constants g 2 (µ) for SU(2) L and g 1 (µ) for U(1) Y meet, starting with their experimental values at M Z . For this model, and working at the 1-loop level, which is sufficient for our purpose, M G ∼ 2 × 10
16 GeV , and
20. This differs from the value 0.71 found in the MSSM due to the exotic (5, − 2) L + (5 * , 2) L representations, which don't affect the unification itself (at 1-loop) or the value of M G , but affect the value of the coupling at M G [4] [20] . As a consistency check, the running of g 3 from M G down to M Z yields g 17 GeV expected in perturbative string models, which is < 10% in the log, is not significant for the issues considered in this paper.
(ii) Yukawa couplings. Inspired by the predictions of free fermionic constructions of string theory, we assume that the Yukawa couplings are also unified at M G , and for simplicity, their values are taken to be
(iii) The soft supersymmetry breaking parameters at M G are written in terms of dimensionless parameters c i , c Ai and c 1/2i
where M 0 = O(T eV ). In each case, M 0 is rescaled after running everything to low energy to yield v = 246 GeV .
(iv) Kinetic mixing. It was shown [17] [18] that the gauge fields of two U(1)'s can be mixed through a term in the Lagrangian which is consistent with all the symmetries in the theory. In our model, the pure kinetic energy terms of the U(1) Y and U (1) ′ gauge fields can be written as
where F µν Y and F ′ µν are the field strength for U(1) Y and U (1) ′ , in the basis of the fields in which the interaction terms have the canonical form. If ξ is initially zero, it can arise from loop effects, when T rQ Y Q = 0, where the trace is restricted to the states lighter than the energy scale being considered. For the η model, T rQ Y Q η = 0.8; for the ψ model, it is −2/ √ 10. In both cases, the non-zero value is due to the decoupling of everything but two Higgs doublets in the extra 27 L + 27 * L . Therefore, the kinetic mixing must be included in RGE analysis.
A non-unitary transformation on the two U(1) gauge fields can be introduced [16] ,
to diagonalize the kinetic energy terms. In the new basis of the gauge fields, the interaction terms of the chiral fields are
where the redefined gauge coupling constants, written in terms of the original ones, are
Effectively, the kinetic mixing changes the U(1) ′ charges of the fields to Q ef f = Q + δQ y , where δ ≡ g 12 /g 1 ′ , while the U(1) Y charges remain the same. The renormalization group equations for the couplings g 1 , g 1 ′ and g 12 are written in Appendix A. As the gauge coupling constants are scale dependent, the effective U(1)
′ charges are scale dependent as well.
IV. UNIVERSAL BOUNDARY CONDITIONS
We first consider universal soft supersymmetry breaking. The universal boundary conditions are:
•universal scalar masses,
•universal gaugino masses,
•universal trilinear couplings,
The RGEs are solved numerically for the running of all of the soft parameters. The running of the Yukawa couplings, trilinear couplings, and the soft mass square parameters are shown in Figure 1 and 2, with c A = c 1/2 = 1. These graphs illustrate the general features that h s is driven down much faster than h Q and h D (because h s is the coupling constant of SH 1 H 2 , it receives contributions from both h Q (through H 2 ) and h D (through S)). Thus, S are both driven to be negative at low energy, due to the Yukawa couplings to the top quark and the exotic quark, while all other soft mass squares remain positive at M Z . Gaugino masses directly affect the running of the trilinear couplings and the soft masses. In most cases, the competition between A i 's and M i 's controls the differences between the soft mass squared parameters at low energy. Only the scalar fields S, H 1 and H 2 associated with the non-zero terms in the superpotential (2.6) play a role in low energy symmetry breaking.
In Figure 3 , M Z ′ at low energy is plotted as a function of c A (c A varies over a wide range for different value of c 1/2 , with the range chosen so that the color symmetry is not broken.). Figure 4 is a plot of the Z − Z ′ mixing angle α vs. c A for different c 1/2 . Figure 3 shows that with universal boundary conditions, M Z ′ < M Z , e.g., M Z ′ ∼ 85 GeV for the ψ model and M Z ′ ∼ 65 GeV for the η model. Figure 4 shows that α Z−Z ′ is not small in general, e.g., |α Z−Z ′ | > 0.4 for the η model. The ψ model yields a smaller Z − Z ′ mixing angle, but still larger than is allowed experimentally, unless c A is large. The scalar potential tends to push v 1 to be close to v 2 at the minimum, while the
2 ). Compared with the ψ model, which has Q 1 = Q 2 , the η model with Q 2 = 4Q 1 naturally yields a larger mixing angle.
The plot shows that small mixing angles (∼ 0.01) are possible for the ψ model when c A is large (> 10) and the gaugino masses are small. This case is basically the large A s scenario described in [2] , in which the A s term (A s h s SH 1 H 2 ) dominates the scalar potential and pushes the minimum to v 1 = v 2 = s. With Q 1 = Q 2 for the ψ model, the limiting case has a vanishing Z −Z ′ mixing angle. However, the Z ′ mass, controlled by g
, is not acceptable, because g 1 ′ is smaller than g 2 at electroweak scale and the U(1) ′ charges are smaller than the U(1) Y charges. As a result, M Z ′ < M Z , which is excluded experimentally.. The large S scenario cannot be realized with universal boundary conditions in either of the E 6 models * * In the ψ model, Finally, we comment on the effect of kinetic mixing. It was argued [16] that for the η model, with an additional pair of Higgs doublets chosen from the 78 representation of the E 6 group, δ(M Z ) can be large enough to make the Z ′ approximately leptophobic. Thus, a lighter Z ′ could possibly be allowed at low energy. In our model, the additional Higgs doublets come from a 27 + 27 * . We find that δ(M Z ) ∼ 0.08 for the E 6 η model, while δ(M Z ) needs to be 1/3 to make the η model leptophobic. Therefore, the kinetic mixing is only a small effect, and Z ′ is not leptophobic. Similarly, kinetic mixing is too small to reverse the sign of the U (1) ′ charges so that the cancellation conditions (2.22) and (2.23) can be satisfied with negative m 
V. NONUNIVERSAL BOUNDARY CONDITIONS
To have acceptable low energy phenomenology for both the η and the ψ model, we invoke nonuniversal boundary conditions to satisfy the conditions (2.22) and (2.23) for large S solutions. We keep universal gaugino masses and universal trilinear couplings: The purpose is to adjust the soft mass squared parameters at M G so that m S | should be fairly close to each other to satisfy the cancellation equations, so we must choose the gaugino masses to be small, while ensuring that the low energy values of the chargino and gluino masses satisfy existing experimental bounds. The trilinear coupling A s must also be small at M Z to avoid the other extreme, the large A s scenario. We adjust the squark masses at M G to ensure that the color symmetry is not broken at the electroweak scale; i.e, all squark masses must be positive (including exotics), and A Q , A D must not be too large † † . The sparticle (2.22) , so that the cancellation equations for the large S scenario could be satisfied with universal soft supersymmetry breaking parameters. Discussions in [21] belongs to this category. In string models based on the fermionic (Z 2 × Z 2 ) orbifold construction [6] [7] [9] , the couplings of the trilinear terms in the superpotential can be g 0 , g 0 / √ 2 or g 0 /2, depending on the number of Ising fermion excitations involved in the string vertex operators [2] . In this case, the maximum possible splitting between h s and h U , h D at the string scale is indeed large enough to make (|h s | 2 + g 2 1 ′ Q 2 Q S ) positive, for both the η and ψ models, to induce the large s solution at low energy. Even larger splittings are possible for effective Yukawa couplings derived from higher dimensional operators [22] . † † A large A Q , which implies that the global minimum of the potential breaks charge and color, masses at M Z also need to satisfy the phenomenological bounds.
In Tables 3 and 4 , we give a few examples of nonuniversal boundary conditions that induce the large S scenario at M Z , for both the ψ and the η model. For each example, the first row for each soft supersymmetry breaking parameter gives its value at the high scale M G , while the second row gives its value at M Z . Only the gaugino masses M 2 and M ′ 1 are listed, because M 3 is a constant due to the vanishing 1-loop β function for SU(3) c , and M 1 is always only slightly larger than M ′ 1 . A s and A Q are given, and A D ∼ A Q . The Z ′ mass, Z − Z ′ mixing angle, and tan β are given for each case. Some general patterns can be seen from these examples. For example, m 2 2 has to be larger than the other mass squared parameters at M G so that it can be positive at the electroweak scale. m 2 S has to be increased to decrease the difference between |m 2 2 | and |m 2 S |. Squark masses have to be adjusted accordingly to avoid color symmetry breaking at M Z . Generally, the trilinear couplings are large and negative, so that A s can be small at low energy.
Compared with the ψ model, the η model yields solutions with large tan β (> 1) and a slightly larger Z − Z ′ mixing angle. The U(1) ′ charge assignments of the particles in the theory affect the low energy phenomenology in a nontrivial way.
VI. MIXING BETWEEN THE TWO
There is another way to satisfy the cancellation equations (2.22) and (2.23) for the large S minimum. As we have seen, negative m ′ is affected through the U(1) ′ charge dependence of the Z − Z ′ mass-squared matrix. However, the largest effect of the U(1) ′ charges comes from the minimization of the scalar potential.
In a general E 6 model with a single extra U(1) ′ , the U(1) ′ charge can be combination of U(1) ψ and U(1) χ with
where θ E 6 is a mixing angle which can be chosen to be in the range 0-π. If cos θ E 6 > 3/5 ∼ 0.79, one has Q 1 Q S < 0 and Q 2 Q S > 0. With universal soft supersymmetry breaking parameters at the large scale, this model has four free parameters: θ E 6 , M 0 , c A and c 1/2 . s is fixed by (2.21), and the other two equations, taken as cancellation conditions for a large s minimum, are to be satisfied. Our strategy is may be acceptable if the charge/color conserving minimum is populated first cosmologically and is sufficiently long-lived [23] to take a particular gaugino mass, vary both c A and θ E 6 , search for large s ≫ v 1 , v 2 at low energy, then rescale M 0 .
As an example, we show the parameter ranges of (c A , θ E 6 ) for M Z ′ > 500 GeV as a 2-D contour plot in Figure 5 , taking c 1/2 = 0.4 for the gaugino mass. As we have argued, gaugino masses need to be small to avoid huge splitting between the mass squares at low energy, and for smaller c 1/2 , smaller Q i Q S is needed for the cancellation so that large s occurs with smaller cos θ E 6 . If |A s | is large (A s (M Z ) should be small to avoid a large A s minimum), a large value of cos θ E 6 is necessary to increase the Q i /Q S ratio for the cancellation. The curves are terminated at the ends to preserve the color symmetry.
The curves are approximately symmetric around c A = −4. In the limit in which the gaugino masses are neglected in the RGEs, the symmetry can be seen as the follows: consider the cases 1 and 2 with c A = ±c 0 at the large scale. The RGEs of A i tell us that at A s (t) = 0,
where we have assumed that 
VII. SUMMARY
In this paper, we presented a detailed analysis of the electroweak and U(1)
′ symmetry breaking for a supersymmetric model with the matter content 3 × 27 L + (27 L + 27 * L )| h 2 +h 3 of E 6 . It has an anomaly free U (1) ′ symmetry, is consistent with gauge unification, and is meant to be a concrete example of the more general scenarios discussed in [2] . It includes the three family standard model particle structure and a pair of Higgs doublets; in addition, there are three exotic quark singlet pairs D andD, two extra Higgs doublets H 1 , three extra Higgs doublets H 2 , and one Higgs doublet H 3 , which is the conjugate of H 2 . The extra U(1) ′ symmetry is taken to be U(1) ψ or U(1) η of the E 6 model, or a combination of U(1) ψ and U(1) χ . Couplings between the singlet S and Higgs doublets H 1 , H 2 and couplings between the singlet and the exotic quarks D,D are naturally allowed by gauge invariance. The model is string (rather than GUT) motivated. Thus, some terms in the superpotential that would be allowed by gauge invariance are assumed to be absent due to string selection rules. In particular, we assume the absence of baryon and lepton number violating couplings of the exotic D,D quarks, so that D andD can be light. Similarly, we assume that most of the possible Yukawa couplings of the Higgs doublets and singlets vanish, so that only m t is large and two higgs doublets and one singlet participate in the symmetry breaking. We make the string motivated assumption that the non-zero Yukawa couplings are equal at the string scale (Yukawa universality), and use the value ∼ g 0 for definiteness.
With the specific particle content and U (1) ′ charge assignments, we use the numerical results of the RGE analysis to explore features of the radiative symmetry breaking at the electroweak scale. Our results are summarized as the follows.
• Only the Higgs doublets and singlet with non-zero Yukawa couplings play a role in symmetry breaking.
• The symmetry breaking scenarios yield an effective µ term at low energy, µ ef f = h s S .
• The universal soft supersymmetry breaking mass parameters at the large scale fail to give phenomenologically acceptable scenarios at low energy for the E 6 ψ and η models.
• To achieve the desired low energy phenomenology for the supersymmetric E 6 model, one has to look for solutions with large S VEVs, i.e., S ≫ H 1 , H 2 . There are two ways to reach such solutions while maintaining Yukawa universality.
(i) For both the E 6 ψ and η models, by changing the soft supersymmetry breaking mass squared parameters at the unification scale, there are parameter regions that yield large s at the electroweak scale, with a heavy Z ′ and small Z − Z ′ mixing angle. (ii) By introducing a mixing angle θ E 6 between the two extra U(1) symmetries of the E 6 model, one can vary the U (1) ′ charge assignments of the particles in the model, while keeping the model anomaly free. With universal boundary conditions at the unification scale, for given gaugino masses, there exist parameter ranges of c A (trilinear couplings) and θ E 6 at M G that yield the large s minimum at low energy.
We confirm the two scenarios that may induce acceptable low energy phenomenology, the large A s scenario and large S scenario, proposed in Ref. [2] . The large A s scenario fails in this case to give phenomenologically acceptable Z ′ masses in the E 6 ψ and η models because the couplings are not leptophobic, even including kinetic mixing. It is nevertheless a useful example of this scenario, which maybe viable in other string derived models with suppressed couplings to ordinary fermions. The large S scenario can be realized, either through non universal boundary conditions for either the ψ or η model or by varying the U(1)
′ quantum numbers of the particles.
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IX. APPENDIX A: RENORMALIZATION GROUP EQUATIONS
We present here the complete one loop renormalization group equations of the anomalyfree E 6 model: 3 × 27 L + (27 L + 27 * L )| h 2 +h 3 , based on the particle content as listed in Table  2 . In these equations, the scale variable is defined as
where M G is determined to be 2 × 10 16 GeV by the running of the SU(2) L gauge coupling constant g 2 (µ) and the U(1) Y gauge coupling constant g 1 (µ), with their inputs from µ = M Z .
Gauge couplings:
where i = 1, 2, 3 for U(1) Y , SU(2) L and SU(3) c respectively. The β functions are
With kinetic mixing, the equations for the U(1) ′ gauge coupling constant g 1 ′ and the
The U(1) ′ charges of the particles Q are Q ψ in the ψ model, Q η in the η model and (Q χ cos θ E 6 + Q ψ sin θ E 6 ) in the model with mixing between U(1) χ and U(1) ψ . With the kinetic mixing, the effective U(1) ′ charge is Q ef f = Q + δQ y , with δ = g 11 ′ /g 1 ′ , so that the U(1) ′ charges are scale dependent.
Gaugino masses:
where i = 1, 2, 3, 1
′ , respectively. Based on the observation that the kinetic mixing effect is small (less than 8%) in our model, we neglect the contributions from kinetic mixing in the runnings of soft supersymmetry breaking parameters.
Yukawa couplings:
Trilinear couplings:
Soft scalar mass-squared parameters: 
